The linear transport behavior of metallic multilayers is studied by using the real-space Kubo formula, for a model Hamiltonian consisting of zero-range spin-dependent impurity-scattering potentials. The resulting theory allows a direct comparison with the Boltzmann equation approach in the quasiclassical limit, which is expected to be a good approximation for most magnetic multilayers. Furthermore, the regimes for which quantum corrections might be needed are explicitly indicated. It is explicitly shown that: (i) periodicity is not required as a mechanism for giant magnetoresistance, and (ii) the two main geometries, current in the plane of the layers and perpendicular to the plane of the layers, exhibit very difFerent size sects, the latter yielding the so-called series resistor model.
I. INTRODUCTION
The phenomenon of negative giant magnetoresistance (GMR) has drawn considerable attention in recent years. the conduction process is viewed as taking place in two difFerent independent channels associated with up and down electrons (two-current models), the global or measurable resistivity is the parallel combination of the resistivities of these two channels; therefore, by varying the magnetic configuration (ferromagnetic, random, partially aligned, or antiferromagnetic) one can obtain difFerent values of the resistivity, and in particular, the configuration associated with the largest degree of order (ferromagnetic), which corresponds to the saturation field, yields a short-circuit effect between the two channels.
With these considerations in mind, two conceptually distinct transport theories have been used to account for the observed giant magnetoresistance:
(i) the quasiclassical or Boltzmann-equation approach; and (ii) the quantum approach, based on the Kubo formula. The calculation of the ensuing transport properties poses difficulties related to the inhomogeneous nature of the scattering.
The Boltzmann-equation approach ' is an extension of the Fuchs-Sondheimer theory. It is very popular, due to its simplicity, which can be understood as a consequence of its treatment of inhomogeneous scattering in real space. However, it cannot be regarded as a satisfactory approach unless a justification for its use is given in terms of a quantum theory, and the conditions for its validity are correspondingly stated in this paper. Moreover, the quasiclassical approach affords an ad hoc treatment of interfaces, a problem that is resolved in this paper in a natural way by starting &om its quantum counterpart. The quantum approach starts from a model Hamil- tonian (which accounts for impurity scattering) and uses the Kubo formula, which provides the correct quantum-statistical calculation of linear response coefIicients. ' ' The model Hamiltonian used in Ref. 7 describes spin-dependent scattering by impurities in the different layers of the system, as well as at the interfaces; thus providing a unified description of bulk and interface scattering. Even though the approach of Ref. 7 has been regarded as experimentally successful and more fundamental than the quasiclassical approach, it has not been fully appreciated due to its apparent complexity, which is due to its treatment of inhomogeneous scattering in reciprocal space, a procedure that is reminiscent of the quantum treatment of transport in thin films by Tesanovic et al. On the other hand, in support of the quasiclassical approach, there are some indications that the Boltzmann equation works extremely well for metallic superlattices on a phenomenological level. Moreover, as pointed out by Johnson and Camley, the goal of accounting for bulk and interfacial scattering in a unified way can be achieved in the quasiclassical regime by treating interfacial scattering more realistically in terms of additional thin layers representing regions of interdiffusion.
The main goal of this paper is to develop Summarizing, if a multilayered structure is considered in the non-spin-fIip limit, transport properties exhibit characteristic internal size effects governed only by (i) the inhomogeneity lengths or layer thicknesses, which characterize the spatial distribution of scatterers; and (ii) the mean &ee paths, which measure the strength of the scat- if repeated indices were included in the sum, the average should be calculated as a sum of terms, each one of which A digression is now in order. An important aspect of giant magnetoresistance and transport in multilayers is that disorder at or near the interfaces seems to play an important role in the observed electrical resistances. (kiZ(e) ik') = Zi, , i, (e;z)e '" " ', (3.14)
G(e) = Gp(e) + Gp(e) V G(e) (3.6)
T(e) = V + V Gp(e) T(e) ( 3 7) respectively. A similar scheme arises when one applies the impurityaveraging procedure described above to the infinite series that results by iteration of the integral equations (3.6) and (3.7). The only change is that the "new" irreducible insertion becomes the irreducible self-energy Z(e) rather than the total potential V. Correspondingly, the one- (
G()). =G. ()+G.()Z() (G()).
( 3 8) IV. ONE-PARTICLE PROPAGATOR (T(e) ). = Z(e) + Z(e) G'(e) (T(e) ).
( 3 9) respectively. In particular, the one-particle propagator becomes (G(e) ) = [e -Hp -Z(e)] (3.1O)
From the structure above, the one-particle irreducible self-energy Z(e) for the impurity-averaged functions can be calculated by isolating, either in real space or in reciprocal space, the one-particle irreducible parts of the diagrammatic expansion for the impurity-averaged total (reducible) off'-shell T matrix ( T(e) ) . This is a straightforward generalization of the impurity averages Let us now consider the "Green's function problem, "
i.e. , the problem of finding the corresponding one-particle with a corresponding one-particle propagator ( 4 3) where Il. is the unit one-particle operator. In the mixed (k~~, z) representation, Consequently, all the formulas derived so far apply also to a multilayered structure with interface scattering consisting of any number of layers C~b and interfaces S~.
One could go one step further and replace the real interface regions by mathematical interfaces, assuming that a-' (( a, , and interpreting the exponential decay in t6e one-particle propagator in terms of an efFective "coherent transmission coefficient" T (t), given by at the interface, which is usually described as diffusive. "
The coefficients T ' (t) become diagonal: A p(r, r') = h pA (r, r'), for a choice of the quantization axis along the collinear direction, provided that spin-flip processes are neglected (two independent current model). Also, I would like to simplify the two-point formalism by using the in-plane symmetry of multilayers; due to in-plane translational invariance (homogeneity in the plane of the layers), the two-point conductivity satisfies the property o (r, r') = cr(p -p'; z, z'), Eqs. (5.6) and (5.7), the two-point conductivity functions are given by path. This nonlocality, called spatial dispersion, is an essential ingredient in any inhomogeneous system. This is precisely the general &amework that we set out to develop in this paper. It should be pointed out that such a general &amework is absent in all treatments based on the Boltzmann equation, and it was not developed in the momentum space Kubo approach of Levy et al. , which is restricted to one-point functions, thus requiring a "local approximation" for the calculation of CPP conductivities.
The success in developing a complete nonlocal theory is entirely due to the choice of a "realspace" approach.
VI. GLOBAL PROPERTIES
From the two-point conductivity derived in Sec. V, the measurable or global properties can be derived by imposing proper constraints on the currents or on the Gelds.
In order to gain insight into the physics of GMR, it is useful to define two limiting cases:2~( i) the local limit, when l~&( az, for all j, and (ii) the homogeneous limit, when l~)) a~, for all j. In the local limit, as all mean &ee paths are negligibly small with respect to the inhomogeneity lengths, the linear response within a given layer is like that of an infinite medium made up of the same material and with the same type of distribution of impurities; as 'a result of the local nature of the response, the neighborhoods of all points in the medium are uncorrelated and become effectively independent resistors, which means they can be added as "classical" resistors: in series for current in the plane of the layers (CIP) and in parallel for current perpendicular to the planes of the layers. On the other hand, in the homogeneous limit, as all mean &ee paths are effectively very large, the linear response becomes very nonlocal and contributions to the resistivity &om all layers are added; in effect, the electron propagates, probing all the scattering within a mean &ee path, which includes several layers, and it therefore averages all sorts of scattering in the medium. If the amount of local scattering in channel o. is 4 (z), then the global resistance in the homogeneous limit is given by the average (4 (z)) (as the local resistivity is proportional to the local scattering rate); this process is called self-averaging, and effectively it amounts to adding all local resistors in series.
The following conclusions can be immediately drawn.
First, for the CPP geometry both limiting cases can be described with a "series resistor model;" instead, for the CIP geometry very different limiting behaviors are ex- On the other hand, the problem for the CPP geometry requires further analysis. For the CPP geometry the current is uniform throughout, and even though a uniform electric Geld is applied to the layers, the actual field in the solid varies &om one layer to another and is spin dependent. In the remainder of this section I will work out the consequences of this real-space model for the CPP geometry.
In order to focus on the spin-dependent nature of the scattering and on the implications of this for the internal fields, I explicitly resolve the total current into two spin currents, that is, solving the integral equation (6.4 These generalizations involve new efFects that can be naturally dealt with within the real-space approach, and will be presented elsewhere.
In conclusion, the general real-space Kubo approach developed in this paper provides a remarkably simple, both intuitive and analytic, understanding of magnetotransport in multilayers, and it constitutes a rather fIexible tool that naturally paves the way for further gener- (r~v~r ') = Ab(r -rp) b(r' -rp),
(where I have omitted explicit reference to the energy dependence) .
For a zero-range potential v (r) = A h(r -r ), the real-space matrix elements of the total T matrix are that is, it is "bilocal. " The corresponding one-site T matrix is given by the solution to Eq. (3.11), that is, where n(r) = n;~( r) in this appendix. The corresponding impurity-averaged off-shell T matrix, which is the solution to Eq. (3.9), namely, T(rr') = f d rr n(rr, ) r"(r, r'), (B5) where w (r, r') = (r~w~~r ').
Applying the impurity-averaging procedure described in Sec. III, and using the notation T(r, r') (r [ T(r, r') = n(r) A(r) 1 -A(r) S -A(r) n(r) G (r, r'), (As) T(r, r') = n(r) A(r) b(r -r') +n(r) «(r) f d rr G (r, rr ) r (rr, r') +n(r) «(r) f d r r G (r, rr)T(rr, r') . (B6) where the notation T(r, r') = (r~(T(s))z~r ') was used.
In the dilute limit, the second term on the right-hand. 
In this appendix I give an alternative derivation of the result of Sec. III that in the dilute limit the self-energy is given by Eq. (3.12) for zero-range potentials.
where S = g (0) = G (r, r) was defined in Appendix A; this can be understood as having r2 and r' close to r in the "dilute approximation. " From Eqs. (B6) and (B7), using symbolic operator notation, T(r, r ) = n(r) A(r) 1 -A(r) S -A(r)n(r) G (r, r ), (») which is identical to Eq. (A8). Therefore, by comparison with the analysis of Appendix A, one concludes that the self-energy is local, with the real-space representation
